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Abstract 
Energy conservation and energy management can be achieved in buildings by reducing the load on the HVAC systems used in 
the buildings. This is possible by reducing the magnitude of heat flow through the building materials and components such as the 
windows, ceilings, floors, walls, etc. The thermal performance of a material can be evaluated by measuring its overall heat 
transfer coefficient or the U-value. The U-value of a material can be measured using the Guarded Hot Box method. The setup 
comprises of three parts – the metering box, the guard box and the cold box. In this method a constant heat flow needs to be 
maintained through the test specimen from the metering box to the cold box. Thus it is important to control temperatures in all 
the three parts accurately. In the present work the temperatures of the metering box and the guard box have been controlled using 
three different software based temperature control strategies. In the first two strategies on-off control was implemented while in 
the third strategy proportional control was implemented. From the experimental data it was found that similar performances were 
obtained in the first two test cases where the temperatures could be controlled satisfactorily. Whereas, in the third case steady 
state offset was obtained while controlling the metering box temperature and the guard box temperature showed fluctuations. 
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1. Introduction 
U value expressed in W.m-2.K-1 is a measure of heat loss (or gain) through a building element such as a wall, floor 
or roof. It can also be termed as ‘overall heat transfer co-efficient’ and measures how well parts of a building 
transfer heat. This means that the higher the U value the worse is the thermal performance of the building envelope. 
A low U value usually indicates high level of insulation. They are useful as it is a way of predicting the composite 
behavior of an entire building element rather than relying on the properties of individual materials. Thus 
measurement of U-value helps in achieving energy conservation in buildings.    
As per the statistics (2009) provided by International Energy Agency, in India energy consumption in the 
residential and the commercial and public services sectors constitute about 40.84% of the total energy consumption 
in all the sectors[1]. PID controller stands for Proportional, Integral and Derivative controller. This type of 
controllers is useful in systems in which the output of the sample is compared with the desired result of the sample 
and to take corrective action to force the controlled element closer to the desired result or set-point. PID controllers 
can be used to control temperatures over a wide range such as very low temperature in adiabatic demagnetization 
refrigerators [2] or high temperature in gas-fuel combustors [3]. The on-off controller is the simplest and most 
commonly experienced type of control. The controller acts on the on-off logic. In this system the device to be 
controlled is either fully on or off with no intermediate operating positions. For heating control, the heating device is 
switched on when the temperature is below the set point, and off above set point. 
2. Guarded Hot Box U-Value measurement facility 
The U-value of a material can be determined with the help of Guarded Hot Box method. In the present work the 
setup has been constructed following the standards BS EN ISO 8990:1996[5] and BS 874:Part 3:Section 3.1:1987 
[4]. The overall test setup comprises of a metering box, a guard box and a cold box as shown in Fig.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.Guarded Hot Box U-Value Measurement Setup [6] 
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 The element which is to be tested is placed in an aperture between the cold box and the guarded metering box. 
Heat supplied to the metering box passes through the test element to the cold box. The cold box is to be maintained 
at a constant low temperature. The U-value of the sample can be calculated by measuring the difference of 
temperature across the test sample and the heat flux through the test element using the formula: 
      
TA
QU '                                                                                                                    (1) 
Here Q (W) is the heat flow rate through the test specimen, A (m2) is the area perpendicular to the heat flow, ∆T 
(K) is the temperature difference across the specimen. 
2.1 Metering Box 
The heating units are placed in the metering box which supplies heat. As a result of that the apparatus reaches the 
desired set point temperature gradually. To prevent the air flow between metering box and guard box the one open 
side of the metering box is pressed against the test element. The walls are well insulated to prevent the heat loss 
through the sides and back of the metering box. For providing a radiating surface of uniform temperature a baffle 
plate is placed parallelly to the surface of the test element. Two types of heaters are used in the metering box i) A 
100 W plate heater ii) two 60 W tubular heaters. These heaters are used to heat the metering box to reach a particular 
temperature. Circulating fans are also installed in the metering box for bringing uniformity in the temperature. 
2.2 Guard Box 
 In the guarded hot box the metering box is kept inside the guard box. The heat flow through the metering box 
walls is minimized by maintaining the guard box temperature at a desired level. To minimize the effect of changes in 
the laboratory environment temperature on the test element in the metering area, adequate width of the guarded 
space is provided. The guard box is well insulated to reduce the heat loss to the surrounding environment. Two 120 
W tubular resistance heaters are used. For avoiding stagnant hot or cold spots circulating fans are installed in the 
guard box. 
2.3 Cold Box  
Using a chilled circulating medium (ethyl glycol and water mixture) and a heat exchanger the cold box provides a 
controlled environment at a constant low temperature. Cold box is also highly insulated to reduce the load on the 
cooling system and the temperature control is achieved via PID controller. To achieve uniformity in the temperature 
circulating fans are installed [6]. 
3. Experimental details 
During the test the temperatures of the metering box and the guard box are controlled. An insulation plank is used 
in place of the specimen. K-type thermocouples are installed to measure the air temperatures and surface 
temperatures at different locations of the metering box and the guard box. K-type thermocouples has a wide 
operating temperature range (-200 oC to 1400 oC). The voltage signals obtained from the thermocouple junctions are 
logged sequentially by the Agilent Data Acquisition Systems 34970A through its multiplexer slots. The air 
temperatures at three different locations in the metering box are measured by using the thermocouples. In the guard 
box air temperatures at two different locations are measured. The acquired air temperatures are logged through the 
data acquisition system and then fed into the computer. In the program three air temperatures of the metering box 
and the two air temperatures of the guard box are averaged out individually. These are used as the input signal 
parameters for the virtual temperature controllers. In the program two individual temperature controllers are 
designed to control the temperatures of metering box and the guarded hot box separately. The output signals coming 
out of the controllers are fed to the DAC slot for converting the signal into an analog signal. A 12V DC voltage is 
obtained from the DAC depending on the output of each controller. This DC voltage is processed electronically and 
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used to operate control relays. These relays are used to operate the heating units installed in the metering and guard 
box. 
In the present work the set point temperatures were fixed at 40 oC and performances of the system were evaluated 
and compared by using different control strategies. The AC circulating fans of the guard box were operated at a 
power of 30W to reduce the heat dissipation from the fans. This helped in maintaining the temperatures at the 
desired level. In these three cases the cold side of the Guarded Hot Box setup was maintained at certain low 
temperatures. In the metering box, the average of the three air temperatures was compared with the set point to get 
the error signal. This error signal was used to drive the controller. Similarly, in the guard box, the average of the two 
air temperatures was used to obtain the error signal. 
 
Case 1: In the first case the Controller output was evaluated with PID logic, and then on-off control was 
implemented. For this case the average ambient temperature for the test period was found 28.5 oC. The set point 
temperature of the cold side was 0 oC, though after a certain time the temperature began to rise. The time-
temperature characteristic obtained in this case is shown in Fig.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Time –Temperature Characteristics for case 1 
 
Case 2: In the second case the Controller output was evaluated with P logic, and then on-off control was 
implemented. For this case the average ambient temperature was found 29 oC. The set point temperature of the cold 
side was -5 oC, but the system could not be cooled up to that temperature. The minimum temperature attained by the 
cold side was -2.4 oC, after which it started increasing. The time-temperature characteristic obtained in this case is 
shown in Fig.3. 
 
Case 3: In the third case P control was implemented by controlling the duty cycle of the heaters. The average 
ambient temperature was found 33 oC. In the third case the controller output was calculated using the Proportional 
term only and this output was used to control the duty cycle of the heating units in the metering box and the guard 
box. The set point in the cold side was set at 0 oC. A proportional band of 5 oC and a cycle time of 10 seconds were 
selected. Thus, until the temperature reached 35 oC the heating units were operated at full power continuously. Once 
the temperature crossed 35 oC the on-time of the heating units was calculated on the basis of the controller output. 
Thus the duration of the on-time was proportional to the error. The time-temperature characteristic is shown in Fig.4 
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Fig. 3. Time –Temperature Characteristics for case 2 
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Fig. 4. Time –Temperature Characteristics for case 3 
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4. Performance evaluation of the system 
The experimental data obtained from the three test cases with the set points of 40 oC were analysed statistically to 
calculate the fluctuations and the Root Mean Square Deviations. For case 1 and 2 the calculations were done after 
the temperatures reached the set points. Whereas, for case 3 the calculations for the metering box were done after the 
temperature reached the steady state and for the guard box after reaching the set point. The result has been 
summarised below. 
Table 1. Performance evaluation of the system. 
Performance Parameters PID logic P logic P logic with duty 
cycle control 
    
Minimum metering box temperature after reaching set point (steady state for 
case 3) 
39.95 oC 39.97 oC 39.49 oC 
Maximum metering box temperature after reaching set point (steady state for 
case 3) 
40.15 oC 40.14 oC 39.67 oC 
Maximum fluctuation (offset for case 3) of the metering box temperature from 
the set point  
0.3762 % 0.3572 % 1.27 % 
Achieved metering box temperature range after reaching set point (steady state 
for case 3) 
0.2044 oC 0.1772 oC 0.1792 oC 
Root Mean Square Deviation of the metering box temperature from the set 
point 
0.0500 oC 0.0456 oC 0.4042 oC 
Minimum guard box temperature after reaching set point 39.86 oC 39.88 oC 39.93 oC 
Maximum guard box temperature after reaching set point 40.41 oC 40.41 oC 40.46 oC 
Maximum fluctuation of the guard box temperature from the set point 1.03 % 1.04 % 1.15% 
Achieved guard box temperature range after reaching set point 0.5495 oC 0.5359 oC 0.5281 oC 
Root Mean Square Deviation of the guard  box temperature from the set point 0.1149 oC 0.1015 oC 0.2027 oC 
5. Results and discussions 
While analyzing the data of these test cases, it can be seen that the controllers with PID and the P logic showed 
almost similar results. In these cases on-off control was implemented on the basis of the controller output. The 
controller output was calculated using PID and P logics respectively. 
 
Usually, the integral action is provided to eliminate the steady state error or the offset which is obtained by using 
proportional control only. The controller using the Proportional control logic itself was capable of eliminating the 
steady state offset since the heating units were operated at full power whenever the controller output was positive, 
irrespective of the magnitude of the output. As the cold side was maintained at a temperature much below the 
ambient, there was much larger heat flow through the specimen to the cold side. This helped to bring the required 
stabilizing effect, which is generally offered by the Derivative control action. 
 
Thus, the on-off controllers with PID and the P logic offered similar performance. 
In case 3 the average steady state offset for the metering box temperature during the last 3 hours of the 
experiment (after the metering box temperature reached the steady state) was found to be 0.403 oC. In case of the 
guard box temperature, fluctuations were obtained. This may be due to the presence of low circulating air velocity in 
the guard box. However, the experiment should have been continued for longer duration of time to obtain the actual 
system performance. In this case the experiment could not be continued since the cold side temperature started 
increasing. 
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6. Conclusions 
From the experimental data it is observed that the on-off control systems with PID and P logic showed almost 
similar performance. The maximum fluctuations for the metering box temperature from the set point obtained in 
these two cases were 0.3762 %and 0.3572 % respectively. These values are within the maximum limit of 1% as 
specified in the standard BS 874: Part 3: Section 3.1:1987 [4]. For the guard box the maximum fluctuations were 
1.03% and 1.04% respectively. However the fluctuations of the guard box temperature gradually decreased with 
time. 
 
In the third case of duty cycle control the average offset obtained for the metering box temperature was 0.403 oC. 
The controller needs to be tuned in order to minimize the offset. For the guard box temperature, fluctuations were 
obtained probably due to the low circulating air velocity. 
 
However, the test cases need to be conducted for longer durations of time in order to evaluate the system 
performance accurately. 
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